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Flue gas desulfurization (FGD) is utilized by the coal-powered generating 
industry to safely eliminate sulfur dioxide. A FGD vessel (scrubber) synthetically creates 
gypsum crystals by combining limestone (CaCO₃), SO₂ flue gas, water and oxygen 
resulting in crystalline gypsum (CaSO₄ ∙ 2H₂O), which can be sold for an economic 
return. Flat disk-like crystals, opposed to rod-like crystals, are hard to dewater, lowering 
economic return. The objectives were to investigate the cause of varying morphologies, 
understand the environment of precipitation, as well as identify correlations between 
operating conditions and resulting unfavorable gypsum crystal growth.  Results show 
evidence supporting airborne impurities due to the onsite coal pile, the abundance and 
size of CaCO₃ and high Ca:SO₄ ratios within the scrubber as possible factors controlling 
gypsum crystal morphology. In conclusion, regularly purging the system and 
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Flue Gas Desulfurization (FGD) is utilized by the coal-powered generating 
industry to safely eliminate sulfur dioxide from entering the atmosphere as a greenhouse 
gas. A Flue Gas Desulfurization vessel, called a scrubber or an absorber, synthetically 
creates gypsum crystals by way of an acid-base chemical reaction. Coal, used to power 
electrical industries, contains sulfur and when burned produces sulfur dioxide (SO2). 
Limestone (CaCO3) added to the FGD vessel reacts with the SO2 flue gas\water and 
oxygen, resulting in a gypsum crystal (CaSO4 ∙ 2H2O). Resultant gypsum can be sold to 
various industries allowing the power plant to make an economic return on its byproduct. 
Synthetically grown gypsum, however, can have different morphologies such as a flat 
platelet or disk-like crystal, which is hard to dewater, making it unfavorable for an 
economic return. Alternatively, a bulkier, needle-like crystal is easily dewatered and is a 
favorable byproduct for various industrial applications such as wallboard manufacture. A 
coal plant, was experiencing unfavorable gypsum crystal growth in the form of flat disc-
like crystals with high percent moisture content (hereafter, referenced as Plant A to 
protect the identity of the manufacturer). Plant B and Plant C, not experiencing 
unfavorable gypsum crystal growth, will be referenced for analysis and comparison 
against Plant A. It is the purpose of this thesis to investigate the varying gypsum 
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morphologies, determine the causes of the morphologies, analyze the environment of 
precipitation, and identify correlations between operating parameters and resulting 
morphologies occurring at Plant A.  
1.2 Objectives: 
 Characterize gypsum crystal morphology and chemical composition of all 
varieties of gypsum produced in a FGD scrubber vessel (i.e. unfavorable 
flat disk crystals verses favorable bulky, needle-like crystals.). 
 Identify the different controls and operating parameters of the four units at 
Plant A, including the environment of precipitation, coal types, 
composition of the limestone, composition of the water source, 
temperature, pH, and total dissolved solids.  
 Identify potential correlations between controls and operating parameters 
as well as between resulting crystal morphologies and chemical variations 
between units.   
 Determine crystal growth in certain environments and the most influential 
factors involved for each unit at Plant A. 
1.3 Hypothesis: 
1. Limestone variations affect the resultant gypsum morphology   
a. Variations in the limestone quality, in the form of organic matter, 
controls the morphology of the gypsum crystals produced within a 
Flue Gas Desulfurization vessel.  
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b. Grain size of added limestone plays a significant role in the percent 
moisture of the resulting gypsum as well as the overall 
morphology. 
2. Units 1 and 2 of Plant A perform poorly, under conditions of dust particle 
contamination, due to their proximity to the coal stack versus Units 3 and 
4, which are comparatively further away. 
3. Impurities within the absorber interfere with crystal growth and may be 
amplified under conditions where: 
a. Calcium to sulfate ratios are low, causing fast crystal growth and 
uptake of impurities from the dissolved phase. 
b. Residual calcium carbonate is low, inhibiting slow preferential 
growth from limestone. 
1.4 Literature Review: 
Gypsum is a monoclinic mineral with a composition of CaSO4·2H2O. Strongly 





Figure 1.1 Molecular organization of a gypsum crystal. 
Note: Water molecules are bonded to SO44- and Ca2+ layers through hydrogen bonding. 
(Nesse, 2000). 
In natural environments, gypsum is commonly found in marine evaporite deposits 
worldwide. Although gypsum is a naturally occurring mineral, it can also be synthetically 
grown as a byproduct of coal-fired power plants within the electrical industry. Power-
generated gypsum is similar to the composition of naturally mined gypsum and is a well-
established and cost effective substitute for mined gypsum (Southern Company, 2011). 
Synthetic gypsum is a coal combustion byproduct generated by flue gas desulfurization 
(FGD) technology via a scrubber. A scrubber is an instrument used to remove sulfur 
oxides from combustion gases by mixing the gases with crushed limestone, generally 
CaCO3, resulting in the removal of harmful pollutants that are generally emitted by the 
electrical industry, such as SO2 and even mercury. As a result of this process the gases 
are prevented from entering the atmosphere.  
Moser et al. (1993), provides a remarkably clear and concise description of how a 
scrubber works: 
“Synthetic flue gas containing SO2 is produced by an inlet gas manifold system. A 
portion of the inlet gas is analyzed by inlet gas analyzers. The remainder of the 
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SO2-containing flue gas is directed to a dry gas meter and then to a water saturator 
and heater column. The flue gas, which is saturated at a temperature of 
approximately 50°C, then flows through a heated gas line where it is heated to 
190°C and to an absorber or scrubber, which may be a spray tower or bubbler. 
The scrubbed gas flows from the absorber through a heated outlet gas line, to an 
outlet gas analyzer, to a knock-out vessel and is vented or directed to a drain, as 
appropriate. Gas in the absorber is contacted by slurry from the reaction tank. 
Effluent from the absorber and make-up water are directed into a reaction tank 
equipped with a variable speed mixer for agitation. A source of calcium, 
preferably lime or limestone is also added to the reaction tank to control pH. The 
contents of the reaction tank are heated in a reaction tank heater loop which 
includes a heated water bath. Forced oxidation conditions are maintained in the 
reaction tank by providing a constant supply of oxidation air to the reaction tank. 
Slurry from the reaction tank is circulated to the absorber and through the 
absorber back to the reaction tank where calcium sulfate solids precipitate to form 
a slurry. The reaction tank slurry is also drained from the reaction tank and 
directed through an in-line filter to collect gypsum solids and control the solids 
concentration of the slurry. The filtrate is recycled through a line back to the 
reaction tank. The filtered gypsum solids are then disposed of.” (Pg. 5, Moser et 
al., 1993) Figure 1.2, contains a simplified summary of the production of 




Figure 1.2 Limestone forced oxidation wet flue gas desulfurization process. 
Note:  Synthetic flue gas containing SO2 is produced and heated at location 1. Gas flows 
through system and enters the Absorber Tank (Scrubber) at location 2. Gas comes into 
contact with slurry in Tank at location 3. At location 4, forced oxidation conditions are 
maintained in the reaction tank by providing a constant supply of oxidation air to tank. 
Slurry is then circulated, at location 5, to hydroclones which collect precipitated solids 
and the remainder is recycled back to the tank. ‘Clean’ gas is emitted through the stack 
shown by location 6. Modified from internet source- FGDProducts.   
http://www.fgdproducts.org/LimeStoneForcedOxidation.htm 
1.5 Geochemistry of Gypsum Precipitation 
To understand how gypsum is precipitated within the scrubber a chemical 
summary of the fundamental reaction process is needed. Sulfur dioxide is soluble in 
aqueous solutions and therefore can be removed from a gas stream by the process of 
absorption (Buecker, 2007). Sulfur dioxide, SO2, is transferred from the gas phase to the 
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liquid phase when the flue gas contacts the scrubber slurry, where the following 
equilibrium reactions are fundamentally representative of the transfer process (Buecker, 
2007). At this step, sulfite ions (SO32-) are formed which prevent the dissolved sulfur 
dioxide to diffuse out of the system and become re-emitted. This is shown in equation 
1.1. 
 SO2 + H2O ↔ H2SO3 ↔ H⁺ + HSO3 ↔ H⁺ + SO32- Eq. 1.1 
Limestone, CaCO3, when introduced to water will raise the pH rendering the 
following mechanism (Buecker 2007). This is shown in equation 1.2. 
 CaCO3 + H2O ↔ Ca2+ +CO32- ↔ Ca2+ + HCO3 + OH Eq. 1.2 
Limestone is only slightly soluble in water, making the reaction of Eq 1.2 minor. 
In the presence of acid, however, calcium carbonate reacts vigorously. The acid produced 
by the absorption of SO₂ drives the limestone dissolution process shown in equation 1.3. 
 CaCO3 + 2H+→ Ca2+ + H2O + CO2↑ Eq. 1.3 
The primary scrubbing mechanism is revealed when equations 1.1, 1.2, and 1.3 
are combined (Buecker, 2007) illustrated in equation 1.4. 
 CaCO3 + 2H+ + SO32- → Ca2+ + SO32- + H2O + CO2↑ Eq. 1.4 
It is at this step, if there is an absence of any other reactants, such as oxygen, 
calcium and sulfite ions will begin to precipitate out as a hemihydrate, meaning it is a 
precipitate with water included in the crystal lattice. Equation 1.5 illustrates the calcium 
and sulfite ions yielding a hemihydrate. 
 Ca2+ + SO32- + ½H2O → CaSO3 · ½H2O↓ Eq. 1.5 
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The system is influenced by the amount of oxygen in the flue gas, having an 
effect on chemistry and byproduct formation. The oxygen in the flue gas reacts with the 
aqueous bisulfate and sulfite ions to produce sulfate ions (SO42-) (Buecker, 2010). The 
amount of calcium sulfate oxidized will depend, in large measure, on the amount of 
excess oxygen in the flue gas (Moser et al., 1993) and is the purpose of the forced 
oxidation system in most scrubber structures. Equation 1.6 depicts a sulfite ion 
incorporating an oxygen ion to form sulfate, a needed step in the process of gypsum 
production. 
 2SO32- + O2 → SO42- Eq. 1.6 
The first 15 mole percent of sulfate ions co-precipitate with sulfite to form 
hemihydrate, (0.85CaSO3 · 0.15CaSO4) · ½H2O. If the ratio of the amount of sulfite 
oxidized to sulfate compared to the total amount of sulfur compounds absorbed from the 
flue gas is less than 15 to 18% then gypsum scaling cannot occur (Moser et al., 1993). 
Therefore, any sulfate above the 15 percent mole ratio precipitates with calcium as 
gypsum (CaSO4 · H2O)(Eq 1.7). 
 Ca2+ + SO42- + 2H2O → CaSO4 + 2H2O↓ Eq. 1.7 
A well-designed scrubber will precipitate true gypsum as opposed to the 
hemihydrates discussed above. A summary of the previous equations is that for every part 
of SO2 removed from the flue gas, one part of calcium carbonate from the limestone must 
be used in the reaction. Consequently, for every part of SO2 removed, one part of 
byproduct is generated (Buecker, 2010). The gypsum byproduct can then be heated 
(calcined) to dewater the crystals making them available for economic return as 
 
9 
construction materials in the building industry. Alternatively, the gypsum can be placed 
on a mesh fabric and conveyed over a vacuum to remove any excess water. The gypsum 
discussed within this study has been dewatered via vacuum process. 
1.6 Nature of the Problem 
Though scrubbers eliminate dangerous emissions by creating an economical 
byproduct, some issues arise during the chemical process. The crystallography of natural 
gypsum incorporates a variety of habits; however, there are two main categories that 
occur in the electrical industry: needles (acicular) and platelets (Seewoo et al., 2004). The 
size and shape of gypsum crystals can affect the dewatering and handling characteristics 
of the resulting waste product (Moser et al., 1993).The basic problem is prevalence of 
unfavorable flat crystals as opposed to favorable, bulky or elongate crystals (Figure 1.3). 
 
Figure 1.3 SEM image of favorable verses unfavorable gypsum growth. 
Note: SEM image showing the favorable (top) versus the unfavorable (bottom) gypsum 
byproduct for wallboard manufacturer. 
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Flat crystals are unfavorable due to the increased surface area allowing the crystal 
to retain unwanted moisture. Simply, the flatter and wider the crystal, the harder it is to 
dewater, resulting in a negative economic impact on the commercial value of the 
byproduct. The exact cause of the unfavorable crystal growth is not well-defined. It has 
been suggested that the growth rate of individual crystal faces determines the overall 
crystal growth rate and habit (Hansen, 2009). Therefore, the crystal area will initially be 
occupied by the fastest growing crystal face until it disappears, ultimately being shaped 
by the slowest growing crystal face. Potential factors impacting the growth rate and habit 
may include the internal crystal structure, the state of supersaturation, the temperature 
and the incorporation of impurities (Hansen, 2009). 
1.7 Potential Causes 
It is understood, that impurities within the scrubber, such as aluminum fluoride 
complexes, can cause growth of select crystal faces to hinder the growth of other faces by 
growing too quickly, comparatively (Figure 1.4) (Hansen, 2009). This occurs when 





Figure 1.4 Effects of aluminum-fluorine complexes on gypsum crystal morphology. 
Note: Gypsum Crystal morphology showing the (111) face being poisoned from left to 
right resulting in the (010) face to increase in surface area due to aqueous Al-F 
complexes. (Hansen, 2009) 
The incorporation of foreign species within the few available binding sites on the 
topography of the crystal surface may have a significant effect on growth rate and the 
resulting crystal morphology (Davey, 2000). Alternatively, at low growth rates and in the 
absence of impurities, gypsum crystals have been described to exhibit thick plate or rod-
like shapes; at higher growth rates, thinner shapes have been reported (Bunn, 1961). Such 
impurities, or foreign species, may be incorporated through the limestone slurry, the flue 
gas, or the air intake valve at each unit.   
Calcium to sulfate ratio may also impact gypsum crystal growth and habit. At 
high SO42--concentrations, needle-like crystals form stars from a central nucleolus 
whereas rhombohedral-shaped crystals were observed at intermediate concentrations of 
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SO42-, and finally at low SO42--concentrations flat thin plates were observed (Gilbert, 
1966). 
Impurities within the limestone can pose problems regarding the precipitation of 
gypsum (Buecker, 2011). In order to produce a byproduct with economical return, the 
limestone has to have high-quality carbonate content at or above 90-93 percent. The 
chemistry of carbonate rocks is dominated by calcium (Ca2+), magnesium (Mg2+), and 
carbonate (CO32-) ions which account for more than 90 percent of the constituents 
(Boggs, 2006). The magnesium (Mg2+) can be contained within some limestone 
formations as the mineral dolomite [(Ca,Mg)(CO3)] (Nesse, 2000). Calcite (CaCO3) can 
be classified as low-magnesium calcite containing less than 4 % MgCO3 and high-
magnesium calcite with more than 4 % MgCO3. Magnesium readily substitutes for 
calcium in the rhombohedral lattice of calcite crystals, due to their similar size and charge 
(Boggs, 2006). Even though the rock may have over the 90 % carbonate content, if 
dolomite is present then the reactivity of the limestone is reduced. Un-reacted dolomite, 
therefore, acts as an inert material and reduces the value of the raw product (Buecker, 
2011).  
Many other elements may be found in carbonate rocks as trace elements. Such 
elements include silicon (Si), iron (Fe), and manganese (Mn) contained within the silicate 
minerals such as quartz, feldspars, and clay minerals (Buecker, 2011). Silica (SiO2) is the 
primary component of sand and can be contained within many limestone formations as a 
fine-grained compound known as chert (Buecker, 2011). The chert acts as an inert 
material in the scrubber and reduces the quality of the limestone; thus, the higher the 
silica content, the less available active calcium carbonate there will be for reaction. Both 
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Fe and Mn, if present, may accelerate the oxidation of intermediate reaction products to 
gypsum as well as act negatively on filtration systems for byproduct dewatering 
(Buecker, 2011). 
1.8 Methods of Investigation, Principle Results, and Conclusions 
The methodology of this study includes chemical analyses of aqueous gypsum 
slurry and water samples collected at a fossil-fueled power plant. In addition, solid 
samples of limestone and gypsum were collected and analyzed using a petrographic 
microscope, scanning electron microscope (SEM), x-ray diffraction (XRD), and confocal 
microscopy. Also, some gypsum solids were sent to a Test America Laboratories, Inc. for 
metals analysis. Three experiments were conducted using the previously mentioned 
methods: 1. Limestone Experiment (quality and grain size), 2. Coal Dust Experiment, and 
3. Impurity Experiment (Ca:Sulfate and clean tank).  
The principle conclusions of this study reveal that organic matter and original 
water source are not potential variants in gypsum morphology within this system. 
Possible factors controlling gypsum crystal morphology include impurities within the 
return water and higher Ca:SO4 ratios within the scrubber. Another potential factor may 
be the influence of airborne impurities due to the proximity to the coal stack. More 







2.1 Overview of Experimentation 
Included in this section are a site description and three experiments designed to 
determine the operating parameters and environment of gypsum crystal growth at Plant 
A. The first experiment is divided into part A and part B; both parts are dealing with 
limestone directly. The second experiment depicts the potential for coal dust to enter the 
system. Finally, the third experiment, also divided into two parts, was performed to 
determine the impurities within the system and their possible effects.  The experiments 
are listed as: 
1. Investigation into Limestone 
a. Limestone Quality 
b. Limestone Grain Size 
2. Coal Dust 
3. Investigation into Impurities 
a. Calcium Sulfate Ratio 
b. ‘Clean’ Tank  
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2.2 Site Description 
The samples studied came from two fossil fuel based power Plants A and B. Each 
plant had scrubbers, or absorbers, that generated gypsum. Plant A contains four flue gas 
desulfurization (FGD) units, two limestone slurry tanks, two gypsum transfer tanks and 
two wet stacks (Figure 2.1). Units 1 and 2 share a limestone slurry tank as well as a 
gypsum transfer tank. Likewise, Units 3 and 4 share a limestone slurry tank and a 
gypsum transfer tank. Units 3 and 4 routinely produce crystals with a more desirable, 
larger/rounder shape and thus, lower percent moisture than Units 1 and 2. 
 
Figure 2.1 Simple schematic illustrating the FGD system at Plant A. 
Note: Limestone slurry tanks are orange cylinders, gypsum transfer tanks are green 
cylinders, Units 1 and 2 are blue and Units 3 and 4 are purple. 
For purposes of this study, terms used in Figure 2.2 include the following:  1) 
Reservoir water is water collected from a nearby water source, i.e. a river that has been 
dammed for the use by the power plant; 2) Make-up water is the filtered reservoir water 
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that is stored on site at the plant for immediate use wherever there is need, indicated by 
the red cylinder; 3) Return water is the water that has been cycled through the absorber 
and pulled out of the gypsum slurry during the dewatering process and returned through 
the system again, illustrated by the blue cylinder; 4) Limestone slurry, the orange 
cylinder, refers to powdered limestone that has been mixed with make-up water and/or 
return water to be added to the flue gas in the absorber to form gypsum slurry; 5) Flue gas 
is the term used to describe the remaining unused gases, and newly bonded oxides, 
formed during electric generation illustrated by the lightning bolt and orange line on the 
figure below; 6) Gypsum slurry is produced within each absorber, or unit, which is then 
sent to the gypsum transfer tank, the green cylinder, to be stored until enough has 
accumulated to begin the dewatering process. Once an adequate amount of gypsum slurry 
is present in the transfer tank, the slurry is sent to the dewatering barn where it is poured 
onto a mesh fabric that passes over vacuums that pump out excess water, which is 
illustrated by the purple elongated rectangle in Figure 2.2. This excess water in the purple 
pipe/reservoir is the liquid that makes up the return water.  The remaining solids are 




Figure 2.2 Schematic illustrating the aqueous circulation throughout the FGD process. 
Note: Oxygen is also being forced into the absorber to maintain the proper aqueous 
chemistry. 
2.3 Investigations into Limestone 
2.3.1 Introduction 
Hypothesis 1a:  Variations in the limestone quality, in the form of organic matter, 
control the morphology of the gypsum crystals produced within a Flue Gas 
Desulfurization vessel.  
During the initial stages of this study, it was postulated that the limestone being 
introduced to the system was “dirty”, meaning the available calcium was low. An 
experiment was designed and implemented to determine the quality of the limestone. 
Powdered limestone samples were collected from the limestone silos and placed in a 
labeled plastic bag and transported to the Mississippi State University Institute for 
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Imaging and Analytical Techniques (I2AT) for Confocal Laser Scanning Microscopy 
(CLSM), X-Ray Diffraction (XRD), and Field Emission Scanning Electron Microscopy 
(FESEM) analysis. 
Hypothesis 1b:  Grain size of added limestone plays a significant role in the 
percent moisture of the resulting gypsum as well as the overall morphology. 
The purpose of this experiment was to test Hypothesis 1b. Plant C, another coal-
fired power plant was having similar issues with high moisture content and tried 
switching to a different sourced limestone. After researching the change at Plant C, a 
trend was correlated between grain size and percent moisture. In Figure 2.3, when the 
grain size is larger (less particles passing through a mesh filter) there is a corresponding 
decrease in moisture. 
 
Figure 2.3 Correlation of large grain size limestone and lower percent moisture 
crystals at Plant C. 
Note: Graph illustrates the correlation between larger grain size limestone and a lower 
percent moisture crystal (which was tested at Plant C). 
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Taking this same thought and applying it to the past data collected from Plant A, a 
similar trend can be seen with an increase of moisture with a decrease in grain size 
(Figure 2.4). The data used to create this trend was pulled from past files of Plant A’s 
monitoring database, and was not collected during this project. 
 
Figure 2.4 Correlation of small limestone grain size and higher percent moisture 
crystals at Plant A. 
Note: The above graph, from Plant A, reveals a similar trend from Plant C in that the 
smaller the limestone grain size, the higher the crystal moisture content. 
A Plant A, Units 3 and 4 routinely produce a larger lower percent moisture crystal 
than Units 1 and 2 (Figure 2.5). It was decided to send fine-grained limestone to Units 3 
and 4 in order to test the environment of precipitation to form a flat crystal. Likewise, 
Units 1 and 2 were fed coarse-grained limestone in order to test the system to produce an 




Figure 2.5 A schematic of Plant A includes average percent moisture readings. 
Note: Included in the diagram are the average present moisture readings for each set of 
units taken from May-December 2012. 
 
Figure 2.6 Schematic showing the segregation of limestone grain size for each 
absorber at Plant A. 
 
By sending the finer grained limestone to Units 3 and 4, the Ca:SO₄ ratio should 
be disrupted having an effect on the crystal morphology as well as percent moisture. 
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Similarly, the coarser grained limestone in Units 1 and 2, operating at a lower pH, should 
have had an improved Ca:SO₄ ratio as well as a positive change in crystal morphology. 
The segregation of the limestone into the dry storage silos, calculation of residence time 
within the silos before experiment would take effect, and determination of resulting 
morphology were necessary to perform this experiment. 
2.3.2 Methods 
2.3.2.1 Confocal Laser Scanning Microscopy (CLSM) Analysis 
Confocal Laser Scanning microscopy (CLSM) was used to provide evidence of 
the occurrence of brightly fluorescing residual bitumen or overcooked oil. Two thin 
sections were selected for CLSM examination based on observed occurrence of residual 
bitumen under the standard research petrographic microscope. A Carl Zeiss LSM 510 
confocal laser scanning microscope with an inverted Zeiss Axiovert 200 M light 
microscope and a plan apochromat 10X/3.0 NA objective lens was used for CLSM 
examination of thin sections. A FITC/TRITC (Fluorascein/Rhodamine/Transmission) 
filter set was used in single channel mode imaging. Excitation wavelengths of 488 
nm/543 nm and Long Pass (LP) Emission wavelengths of 505 nm (green) and 560 nm 
(red) were acquired in 512 x 512 or 1024 x 1024 pixel format. Fluorescent images were 
acquired using the Zeiss LSM 510 CLSM integrated micro imaging unit. CLSM analyses 
were performed at the Mississippi State University Institute for Imaging and Analytical 
Techniques (I2AT) (Aina, 2011). 
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2.3.2.2 X-Ray Diffraction (XRD) Analysis 
Limestone samples were obtained from Plant A. A representative portion of the 
finely ground powder was placed on a glass slide and inserted into the horizontal stage of 
the Rigaku Smart Lab X-ray Diffraction System with a measuring range of -3° to 160° 
2θ. Appropriate settings were utilized and each powder sample was analyzed in the 
Rigaku XRD system for at least 40 minutes. The mineralogy of the sampled powder was 
confirmed using the Jade ® XRD analytical software. XRD was used to confirm calcite 
or dolomite mineralogy of carbonate cements. XRD analysis was performed at the 
Mississippi State University Institute for Imaging and Analytical Techniques (I2AT) 
(Aina, 2011). 
2.3.2.3 Scanning Electron Microscopy (SEM) Analysis 
Each selected sample for FESEM analysis was Au/Pd coated using the Polaron 
SEM coating system, for about 30 seconds in order to gain the required electrical 
conductivity. An additional 10 – 15 seconds Au/Pd coating coupled with mounting on 
electrically conductive mounting medium e.g. double-sided carbon tape was applied to 
samples observed to lack sufficient electrical conductivity. Minor element compositions 
within observed cements and of unknown minerals were also examined using the 
attached point of interest X-ray Electron Dispersive (X-EDS) spectrometer of the JEOL 
JSM-6500F Field Emission Scanning Electron Microscope (FESEM). High-resolution 
pictures of observed features were acquired with the FESEM’s digital image system 
(Aina, 2011). FESEM analyses were conducted at the Mississippi State University 
Institute for Imaging and Analytical Techniques (I2AT). 
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2.3.2.4 Solid Sample Collection: Plant A 
Solid gypsum samples were collected directly off the vacuum operated 
dewatering belts and placed in a labeled Ziploc bag and transported to Plant A’s on-site 
laboratory where percent moisture analysis was conducted (Figure 2.7). 
 
Figure 2.7 Solid gypsum sample collected directly from dewatering belt at Plant A. 
 
2.3.3 Results 
2.3.3.1 Confocal Laser Scanning Microscopy (CLSM) Results 
The results of Confocal Laser Scanning Microscopy (CLSM) results are shown in 
Figure 2.8. None of the images revealed any red fluorescence which would have 




Figure 2.8 Confocal Images from Plant A Limestone. 
Note: Sample was collected on 5/24/12. Images of three samples collected from Plant A 
Limestone silo. Images A, B and C all show very little to no organic matter within the 
limestone samples.  
2.3.3.2 X-Ray Diffraction (XRD) Results 
XRD analysis was conducted on both the limestone and gypsum solids from Plant 
A to confirm that each solid was a pure form. XRD analysis of the limestone used at 
Plant A in the flue gas desulfurization process was confirmed to be a true limestone 
composed of calcite (Figure 2.9). XRD analysis of the gypsum being produced at Plant A 
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confirmed that the byproduct is actually gypsum and not a hemihydrate or anhydrite end 
member. Analytical results from one sample of limestone are shown in Figure 2.10. 
 
Figure 2.9 Image of the Limestone XRD results. 
Note:  After interpretation it was concluded that the limestone was a calcite dominated 




Figure 2.10 XRD results of the gypsum produced at Plant A. 
Note: After analysis of the histogram, it was interpreted to be pure gypsum.  
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2.3.3.3 Scanning Electron Microscopy Results 
Scanning Electron Microscopy images are of powdered limestone from Plant A. 
Photomicrographs illustrate the rhombohedral nature of limestone (Figure 2.10 and 
Figure 2.13), as well as the texture that can be seen within the gypsum solid samples 
(Figure 2.12 and Figure 2.13). 
 
Figure 2.11 SEM image taken of powdered limestone collected from Plant A. 
Note: This limestone is added to the absorber to mix with the flue gas to produce the 




Figure 2.12 SEM image illustrating texture of limestone at Plant A. 
Note: This limestone is added to the absorber at Plant A. This same texture can be seen 




Figure 2.13 Photomicrograph of powdered limestone grains at Plant A. 
Note: Image shows rhombohedra characteristics and texture that can be seen in gypsum 
solid samples indicated by the orange lines. 
2.3.3.4 Solid Sample Results: Plant A 
The experiment tested the hypothesis that coarser grained limestone creates a 
larger growth surface for gypsum and thereby produces a larger preferred morphology, at 
the same time, decreases the percent moisture which is beneficial for economic return. 
The smaller limestone grains are hypothesized to dissolve before the gypsum crystals 
have grown to the preferred size.  In this experiment on limestone grain size, results 
indicated that the size of the individual particles of limestone does have an effect on 




Figure 2.14 Limestone segregation results for grain size variations over time. 
Note: Graphs represent the results of limestone grain size variations within each 
absorber. The upper graph, with the blue line, shows that Units 1 and 2 received a coarser 
grained limestone and were predicted to have a decrease in percent moisture. The hour 
glass marks when the experiment started. Likewise, the lower graph with the red line 
shows Units 3 and 4 was fed a finer grained limestone and resulted in a negative 
response, an increase in moisture. 
2.4 Coal Dust 
2.4.1 Introduction 
Hypothesis 2:  Units 1 and 2 perform poorly, under conditions of dust particle 
contamination, due to their proximity to the coal stack versus Units 3 and 4, which are 
comparatively further away. 
An experiment to test Hypothesis 2 was conducted for the reason that coal dust is 
readily stirred up by the unloading of coal-bearing train cars and predominant wind gusts, 
potentially having an impact on the sensitive Flue Gas Desulfurization (FGD) units by 
incorporating airborne impurities into the system through the open topped limestone tank 
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and the air intake valve of the absorber. Units 1 and 2 are located directly adjacent to the 
coal pile and train unloading station, whereas Units 3 and 4 are a further distance away at 
Plant A (Figure 2.15). 
 
Figure 2.15 Schematic illustrating the proximity of each unit to the coal pile. 
Note: Illustration shows the need for an atmospheric test to determine if location plays a 
significant role in adding unwanted impurities. 
2.4.2 Methods 
An air quality experiment included 1 liter of distilled water poured from one clean 
sample bottle to another while standing near the air intake valve of each unit. By doing 
this, any dust in the air would pass by the water stream and be included into the receiving 
sample bottle. This was conducted at Units 1 and 4 during sampling events from August 
to December of 2012. A second air quality test was conducted for a one week period that 
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included placing four 5-gallon buckets half full with make-up water at each unit near the 
air intake valve (Figure 2.16). 
 
Figure 2.16 Image of the four 5-gallon buckets used for the air quality test at Plant A. 
Note: Each bucket labeled with the Unit it was designated to.  
The purpose of this experiment was to simulate the open topped limestone slurry 
and gypsum transfer tanks to quantify any airborne impurities that may be collected 
within the system over a one week period. The buckets were collected at the end of one 
week and 1 liter representative samples, taken from each bucket, were sent to the 
Alabama Power General Test Laboratory in Birmingham, Alabama. 
2.4.3 Results 
Results from the atmospheric tests showed that higher concentrations of dust 
particles were collected at Units 1 and 2 than Units 3 and 4. Keeping in mind, Unit 1 is 
closer to the coal pile than Unit 2, which is closer than Unit 3, which is closer than Unit 
4. Unit 1 is less than 305m from the train car unloading station above the coal pile; Unit 4 
is over 610m from the coal pile. Figure 2.17 represents the constituents from an 
atmospheric test conducted by the gypsum transfer tank of both Unit 1 and Unit 4 from 
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August 7 to December 19, 2012.  Figure 2.18 is the sum of the total constituents found in 
Figure 2.17 from the same time period. The results are shown in Figure 2.19 from a one 
week long experiment that was conducted by placing a 5 gallon bucket half full with 
make-up water at each Unit’s air intake valve from October 30 to November 7, 2012. 
Figure 2.20 displays the results from one sampling event, September 20, 2012. 
 
Figure 2.17 Results from Units 1 and 4 atmospheric collections starting in August and 
ending in December. 
Note: Al, Ba, B, Ca, Mg, K, Se, Si, Na, Zn, Cl, SO₄²¯, Nitrogen-Nitrate, Total Organic 
Carbon (TOC) and Dissolved Organic Carbon (DOC) results are shown above. Results 




Figure 2.18 The total sum of the constituents from the atmospheric collection from 
August through December. 
Note: Results are shown above indicating how much more dust was collected at Unit 1 
as opposed to Unit 4 over the same time period, August through December. 
 
Figure 2.19 Results from the week long air quality test results from 10/30/12 – 11/7/12. 
Note: A similar atmospheric test was conducted for a one week time period, 10/30/12- 




Figure 2.20 Atmospheric test results from 9/20/12. 
Note: Unit 1 has a higher total number of constituents compared to Unit 4 on the same 
day. 
2.5 Investigations into Impurities 
2.5.1 Introduction 
Hypothesis 3a:  Calcium Sulfate Ratio: Impurities within the absorber interfere 
with crystal growth and may be amplified under conditions where calcium to sulfate 
ratios are low, causing fast crystal growth and uptake of impurities from the dissolved 
phase. 
Hypothesis 3b:  ‘Clean’ Tank: Impurities within the absorber interfere with 
crystal growth and may be amplified under conditions where residual calcium carbonate 
is low, inhibiting slow preferential growth from limestone. 
In late February 2013, the shared Unit 1/2 gypsum transfer tank experienced a 
ruptured gypsum transfer line which caused the plant to reroute the slurry to the shared 
Unit 3/4 gypsum transfer tank to be dewatered from there. Consequently, Unit 3 and 4 
percent moistures were higher than normal. Following the ruptured transfer lines, an 
overlap outage caused both Units 1 and 2 to be offline for approximately 15 days. During 
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this outage, the plant personnel drained, cleaned, and inspected the 1/2 gypsum transfer 
tank. Both Units 1 and 2 absorbers were cleaned thoroughly and filled with new make-up 
water and limestone. When the units came back online, initially there was nothing but 
make-up water in the transfer tank until the absorbers built up some density (i.e. gypsum 
growth). Eager operators started dewatering the 1/2 transfer tank before the density of the 
gypsum slurry had time to build. The vacuum on the mesh dewatering belt was running 
very high which usually indicates flat crystals and poor dewatering causing the machines 
to work harder. Surprisingly, the moistures came off at 7.3% and 7.5%. This accidental 
experiment excluded the return water from the system so observations could be made on 
how the system behaved without the buildup of unwanted aqueous impurities, organic 
accumulates formed from long runs, and effects of the nearby dusty coal pile (Figure 
2.21). A nearby fossil  plant, Plant B, was also analysized for data comparison to Plant A. 
 
Figure 2.21 Schematic illustrating the ‘clean’ tank experiment flow path. 
Note: This flow path excludes the return water for a short time until it cycles up with 




2.5.2.1 Standard Petrographic Analysis 
Two thin sections were prepared by releasing a drop of unmodified gypsum slurry 
onto a glass thin section with a properly placed coverslip, one sample form Plant A and 
one from Plant B. Both samples were collected from the transfer tanks of the 
representative Plant. A petrographic analysis was conducted and involved critically 
observing each of the prepared thin sections under a standard Olympus BH-2 
petrographic microscope. The thin sections were petrographically examined under 
transmitted light and photomicrographs of features including color, grain size, and 
morphology were taken using the attached Nikon CoolPix 990 digital camera as well as 
an Apple iPhone 4S 16GB camera from the eyepiece.  
2.5.2.2 Scanning Electron Microscopy (SEM) Analysis 
SEM analysis was conducted at the Southern Company Metallurgy Lab in 
Birmingham, Alabama. Each solid sample was coated with gold using the Denton 
Vacuum Desk IV cold sputter SEM coating system, for about 45 seconds in order to gain 
the required electrical conductivity.  Once the stubs were prepared, they were inserted 
into the S-3700 N Hitachi Scanning Electron Microscope. Images were collected 
containing grain size distributions, variation in gypsum morphology, inert material, as 
well as residual limestone pieces. In addition to high-resolution images, elemental maps 
were also included in the analysis using INCA software. Glass thin sections were also 
inserted into the S-3700 N Hitachi Scanning Electron Microscope to image the crystals 
that precipitate out of slurry form Plants A and B. 
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Gypsum solids collected off the dewatering belt for FESEM analysis were 
selected. Each selected sample for FESEM analysis was Au/Pd coated using the Polaron 
SEM coating system, for about 30 seconds in order to gain the required electrical 
conductivity. An additional 10 – 15 seconds Au/Pd coating coupled with mounting on 
electrically conductive mounting medium (e.g. double-sided carbon tape was applied to 
samples observed to lack sufficient electrical conductivity). Minor element compositions 
within observed cements and of unknown minerals were also examined using the 
attached X-ray Electron Dispersive (X-EDS) spectrometer of the JEOL JSM-6500F Field 
Emission Scanning Electron Microscope (FESEM). High-resolution pictures of observed 
features were acquired with the FESEM’s digital image system (Aina, 2011). FESEM 
analyses were conducted at the Mississippi State University Institute for Imaging and 
Analytical Techniques (I2AT). 
2.5.2.3 Aqueous Sample Collection: Plant A and B 
A sampling kit was brought on site to Plant A consisting of thirty-two 266.16 mL 
glass jars, twelve 1 liter plastic bottles, and four 1.89 liter plastic jugs (Figure 2.22). 
Locations of collection included the reservoir water, make-up water, return water, 
limestone slurry Unit 1/2 and 3/4, gypsum slurry for Units 1 through 4, gypsum transfer 
tank Units 1/2 and 3/4, and two field blanks collected at Unit 1 and at Unit 4. The 1.89 
liter jugs were collected from the make-up water and reservoir water and sent to the lab to 
test for alkalinities as well as filter for dissolved anions and metals. The one liter bottles 
were collected at all other locations and filtered at the lab for dissolved anions and 
metals. Each sampling location required two 266.16 mL glass jars for Total Organic 
Carbon (TOC) and Dissolved Organic Carbon (DOC) analysis. The TOC jar was 
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preserved with 1mL of concentrated sulfuric acid (H2SO4) to convert inorganic carbon 
into CO2 which was removed during the purging process by the lab. The remaining 
unpreserved 266.16 mL glass jar was collected at each location for DOC analysis. This 
sample was collected unpreserved to be filtered prior to preservation so that the acid 
would not dissolve any solids and skew the representative result. After collection, the 
samples were iced down on site and transported to the Alabama Power General Test 
Laboratory in Birmingham, Alabama. At the lab, these samples were subject to analysis 
for: EPA 200.7, EPA 300.0, SM 5310 C, SM 4500CO2 D, SM 2320 B, and SM4500H+ 
B. Similar aqueous sample collection was conducted at Plant B for comparison. 
 
Figure 2.22 Image includes one sample kit for Units 1/2. 
 
2.5.2.4 Solid Sample Collection: Plant A and B 
Solid gypsum samples were collected directly off the dewatering belts and placed 
in a labeled plastic bag and transported to the Southern Company Metallurgy Lab for 
SEM imaging and analysis (Figure 2.7).  
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Select solid samples were sent to TestAmerica Laboratories, Inc. and mailed to 
Pensacola, Florida for metals analysis using EPA method 6010B. Solid gypsum samples 
were collected from Plant B’s gypsum pond and placed in a labeled plastic bag and 
transported to the Southern Company Metallurgy Lab for SEM imaging and analysis for 
comparison. 
2.5.3 Results 
2.5.3.1 Standard Petrographic Results 
Figures 2.23, 2.24, 2.25, and 2.26 show photomicrographs of samples collected at 
Plant A and Plant B. These images show the variable morphology between plants. Plant 
A morphology shows a rhombohedral-shaped crystals whereas Plant B exhibits more 
elongated crystals. 
 
Figure 2.23 Photomicrograph of seed crystal morphology produced by slurry from 
Plant A. 




Figure 2.24 Photomicrograph of the rhombahedral-shaped crystals found at Plant A. 
Note: Crystals are approximately 35-40 microns in length. 
 






Figure 2.26 Photomicrographs of gypsum samples collected at Plant B. 
Note: These seed crystals were produced from the gypsum slurry. Images A and C show 
two individual star-like crystals that appear to be forming elongated beams. Image B 
depicts the needle-like seed crystal morphology found at Plant B. 
2.5.3.2 Scanning Electron Microscopy (SEM) Results 
Scanning Electron Microscopy images below show the varying gypsum 
morphology from Plant A, Figure 2.27, and from Plant B, Figure 2.29. Plant A contains a 
number of particles that are unreactive particles, as well as some twinned crystals of 




Figure 2.27 SEM image of flat disc-like gypsum crystals with a few larger and rounder 
gypsum crystals present. 
Note: SEM x250, Plant A, collected on 7/24/12. 
 
Figure 2.28 SEM image of a numerous variety of particles. 
Note: SEM x250, Plant A, collected on 12/11/12. Image includes a Ca-Mg bearing inert, 
or unreactive particle, indicated by the red circle, multiple penetration twins enclosed in 




Figure 2.29 SEM image displays a large gypsum crystal exhibiting the preferred 
morphology for proper dewatering. 
Note: SEM x700, Plant B, collected on 6/15/12. 
Plant A experiences a large amount of inert, non-reactive particles, within the 
absorbers. The following figures represent a portion of those inert materials found at 
Plant A. Figures 2.30 and 2.31 illustrate a fly ash particle being cradled by two gypsum 
crystals. Non-reacted limestone may also be found within solid samples as seen in 
Figures 2.32, 2.33 and 2.34. Quartz, SiO₂, was imaged in Figure 2.35. Iron oxides, as 
well as pyrite, are also seen in Figures 2.36, 2.37 and 2.38. Other impurities in the form 
of aluminum silicates (Figure 2.39) and fluorine-rich (Figure 2.40) particles may also 





Figure 2.30 SEM shows two gypsum crystals cradling a fly ash particle. 
Note: SEM x8000, Plant A, collected on 5/24/12. 
 
Figure 2.31 Higher magnification image shows the same two gypsum crystals cradling 
a fly ash particle displaying the surficial texture of both. 




Figure 2.32 SEM of limestone inert found within Unit 1/2 solid sample collection. 
Note: SEM x450, Plant A, collected on 10/19/12. Limestone inert exhibits the same 
texture seen in the powdered limestone SEM images. 
 
Figure 2.33 Calcium-Magnesium bearing inert material found within Unit 1/2 solid 
sample. 




Figure 2.34 Magnesium-rich inert material found within Unit 1/2 solid sample. 
Note: SEM x350, Plant A, collected on 8/21/12. 
 
Figure 2.35 SEM image containing an inert, or unreactive particle, composed of 
predominantly SiO2, quartz. 




Figure 2.36 SEM image of an iron oxide inert with gypsum resting on top from Units 
1/2 solid sample collection. 
Note: SEM x1.30k, Plant A, collected on 6/19/12. 
 
Figure 2.37 SEM image displays an iron oxide inert found in Unit 1/2 solid sample 
collection from the dewatering belt. 




Figure 2.38 SEM image displays a Fe rich inert found in Unit 1/2 solid sample 
collection. 
Note: SEM x1.00k, Plant B, collected on 6/26/12. This sample was taken from the 
dewatering barn. EDS revealed this grain to contain Fe and S and based on its cubic 
morphology it is interpreted as pyrite, FeS2. 
 
Figure 2.39 SEM showing an Aluminum Silicate inert from Units 1/2 solid sample 
collection from Plant A. 




Figure 2.40 SEM showing a fluorine-rich inert from Units 1/2 solid sample collection at 
Plant A. 
Note: SEM x1.00k, Plant A, collected on 12/11/12. 
Impurities are thought to increase the potential for crystals to twin, meaning 
multiple crystals share a common plane of atoms. Figures 2.41 and 2.42 show the 




Figure 2.41 SEM image displays a large twinned crystal from Unit 1/2 solid sample at 
Plant A. 
Note: SEM x1.20k, Plant A, collected on 7/17/12. 
 
Figure 2.42 SEM image displays a large twinned crystal from Unit 1/2 solid sample at 
Plant A. 
Note: SEM x600, Plant A, collected on 8/21/12. 
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Scanning Electron Microscopy images represented in Figure 2.43 and Figure 2.44 
show gypsum crystals growing on the surface of limestone grains. This can be defined by 
heterogeneous nucleation, a preferential growth surface due to low surface energy that 
facilitates nucleation. Simply stated, it is an easier location for crystals to grow.  
 
Figure 2.43 SEM image displays a large limestone grain hosting gypsum crystal growth 
in the form of heterogeneous nucleation collected at Plant B. 




Figure 2.44 SEM image displays a calcium-magnesium rich limestone grain acting as a 
host for gypsum growth at Plant B. 
Note: SEM x600, Plant B, collected on 10/19/12. 
The following four Figures 2.45, 2.46, 2.47, and 2.48 were taken of prepared glass 
thin sections placed in the SEM from Plant A and B gypsum slurries from the gypsum 
transfer tanks. Figure 2.45 and Figure 2.46 are from Plant B illustrating the needle or rod-
like morphology in which the average length to width ratio is 4:1. Figures 2.47 and 2.48 




Figure 2.45 SEM image of glass thin section with a drop of gypsum slurry from Plant 
B. 
Note: SEM x110, Plant B, collected on 6/15/12. The image shows the crystals that 
precipitated out of solution. Morphology reveals an elongated needle-like crystal. 
 
Figure 2.46 SEM image of a glass slide containing gypsum slurry from the absorber 
collected at Plant B. 





Figure 2.47 SEM image of glass slide displaying a different morphology collected from 
Plant A. 
Note: SEM x500, Plant A, collected on 6/15/12. These crystals are wider and twinned. 
 
Figure 2.48 SEM image of glass slide at higher magnification illustrating the wider 
morphology with penetration twins from Plant A. 
Note: SEM x1.90k, Plant A, collected on 6/15/12. 
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Scanning Electron Microscopy images represented in Figures 2.49 through Figure 
2.56 illustrate the results from the “clean” tank experiment at Plant A on Units 1 and 2. 
Figure 2.49 shows the morphology of the gypsum crystals under normal operating 
conditions. Figure 2.50 shows the change in crystal morphology after the tanks were 
cleaned and the following images demonstrate the return to normal crystal structure in the 
succeeding days. 
 
Figure 2.49 SEM image illustrates the usual morphology of Units 1 and 2 at Plant A. 
Note: SEM x200, Plant A, collected on 12/6/12. Thin, disc-like crystals result in a 




Figure 2.50 SEM image of the crystal morphology immediately following the cleaned 
tanks of Units 1 and 2. 
Note: SEM x250, Plant A, collected on 2/21/13. This rounded, bulky morphology 
produced a low moisture byproduct, resulting in an economical return. Note the lack of 
flat disc-like crystals. 
 
Figure 2.51 SEM image shows the texture of a large rounded gypsum crystal to be 
made up of tiny laths from Plant A. 




Figure 2.52 SEM image of the elongated characteristics of the gypsum produced 
following the clean tank experiment. 
Note: SEM x250, Plant A, collected on 2/22/13. 
 
Figure 2.53 SEM image of an elongated rod-like gypsum crystal produced in the days 
following the clean tank experiment. 




Figure 2.54 SEM image shows the presence of flat disc-like crystals returning to the 
system several days after the tanks were initially cleaned. 
Note: SEM x250, Plant A, collected on 2/27/13. 
 
Figure 2.55 SEM image shows the presence of the flat disc-like crystals increase in the 
system several days after the tanks were initially cleaned. 




Figure 2.56 SEM image taken of the gypsum produced following the clean tank 
experiment. 
Note: SEM x250, Plant A, collected on 3/4/13. Several days after the initial cleaning the 
morphology has nearly returned to the usual crystal produced under normal operating 
conditions; however, some larger crystals remain present. 
Found in this section are Energy Dispersive Spectroscopy (EDS) readings for 
some particles found within the gypsum solids during SEM analysis. EDS is a tool that 
allows for site specific readings for elemental compositions. Since the SEM works by 
color contrast of heavy and light atomic weights, similar weighted particles will appear to 
be the same color. EDS was used to decipher between particles that appear to be the 
same.   Figure 2.57 and 2.58 indicate a limestone grain hosting a gypsum crystal as 
component of heterogeneous nucleation.  Figure 2.59 represents an EDS taken of a 




Figure 2.57 EDS reveals limestone particle within gypsum solid sample collected at 
Plant A. 
Note: A particle was found in the gypsum solid sample from 2/27/13 and confirmed to 
be limestone indicated by the large calcium peak (green label). Other peaks seen, is the 
blue carbon peak (material of tape used to secure sample) and the pink platinum peak 
(used to coat the sample for analysis). EDS shows the potential for limestone as a growth 




Figure 2.58 Gypsum was confirmed to be found on the surface of the limestone particle 
by EDS data. 
Note: Data supports the idea that the limestone is potentially acting as a growth surface 
for the gypsum. The two main peaks shown are calcium (dark blue label) and sulfur 
(green label). The remaining peaks are carbon (light blue label) and platinum (pink label) 




Figure 2.59 Results for an EDS of a fly ash particle. 
Note: Shown above are the elements found within the fly ash particle which includes the 
presence of Mg, Al, Si, K, Ti, Fe, Ca, C, S, and O. This indicates that impurities are 
incorporated into the absorber through the presence of fly ash, or coal dust particles. Fly 
ash can be found within the flue gas stream as particles of noncombusted coal. 
2.5.3.3 Aqueous Sample Results 
Included in this section are results from the ‘clean’ tank experiment designed to 
determine the operating parameters and environment of crystal growth at Plant A.  
The final experiment involved draining and flushing out Units 1 and 2 absorbers, 
Unit 1/2 gypsum transfer tank, and Unit 1/2 limestone slurry and restarting with fresh 
make-up water. By cleaning all the tanks within Unit 1 and 2 a change in the precipitation 
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environment took place. The results are shown indicating a decrease in impurities, at the 
end of February 2013, followed by an increase as the system cycled up with impurities 
over time, illustrated in Figure 2.60 and Figure 2.61. Purity of the gypsum was graphed 
against the percent moisture during the course of the study period, Figure 2.62. Units 1 
and 2 were compared against Units 3 and 4 during the clean tank experiment as well as 
the ‘normal’ operating conditions of Units 1 and 2 (Figure 2.63). Plant A and B were 
sampled on August 7, 2012 and the results were compared (Figure 2.64). 
 
Figure 2.60 Results of the Limestone Slurry components of Ca and Mg measured in 
mg/l. 
Note: The system was cleaned at the end of February 2013 when the decrease in 




Figure 2.61 Results for the aqueous chemical analysis of the limestone slurry from 
8/28/12 – 3/7/13. 
Note: Constituents of K, Si, Na and B are measured in mg/l. 
 
Figure 2.62 Moisture verses gypsum purity scatter plot from Plant A. 
Note: Graphed above is the moisture verses purity comparing Units 1/2 and 3/4 under 
normal conditions. Also graphed are the five readings from startup of Unit 1/2 just after 
the system was cleaned. The purple x’s show the following four readings as the system 




Figure 2.63 Plant A comparison of Units 1 and 2 with Units 3 and 4 gypsum transfer 
tank and limestone slurry impurities. 
Note: The above chart illustrates the comparison between normal operating conditions 
of Units 1 and 2, the clean tank experiment of Units 1 and 2, and the normal operating 
conditions of Units 3 and 4. During the clean tank experiment, Units 1 and 2 mimicked 
the normal conditions of Units 3 and 4. The numbers in red indicate the impurity with the 
highest reading between the comparison points. The numbers in blue show the lower 
range numbers, indicating the similarities between the clean tank experiment on Units 1 




Figure 2.64 Comparison between Plant A and Plant B during a single sampling event 
on 8/7/12. 
Note: The red numbers indicate the higher of the two and the blue numbers, the lower 
end. Note the higher Ca:SO₄ ratios at Plant B than at Plant A, this is believed to be 
causing some morphological issues at Plant A. 
2.5.3.4 Solid Sample Results 
This section of results illustrates the composition of the solid gypsum produced by 
Plant A on 9/20/12 from the absorber of each unit. The results indicate that Units 1 and 2 
had higher concentrations of impurities in the solid phase. Highlighted in red are the 
highest readings for each analyte on 9/20/12 shown in Figure 2.65. The sum of the 
constituents is graphed in Figure 2.66 to show the difference in impurities for each unit 
visually. 
Units 1/2 Units 3/4
Water Content
Limestone Source
Coal Sulfur Content High
Fly Ash Content High
Calcium Return Water 1590 mg/l
Calcium Limestone Slurry 568 mg/l 585 mg/l 1412 mg/l
Calcium Gypsum Tanks 537 mg/l 529 mg/l 1570 mg/l
Sulfate Return Water 2545 mg/l
Sulfate Gypsum Tanks 4070 mg/l 3665 mg/l 2890 mg/l
Sulfate Limestone Slurry 3080 mg/l 2670 mg/l 2450 mg/l
Ca:SO4 Return Water 0.63
Ca:SO4 Limestone Slurry 0.18 0.23 0.58















Figure 2.65 A solid gypsum sample from each unit’s absorber was sent for analysis and 
this chart depicts the results. 
Note: Unit 1 and 2 contain more contaminants than Units 3 and 4 in the solid phase. 
Recall that Units 1 and 2 perform less efficiently than Units 3 and 4. The highest reading 
for each analyte is bolded in red font color. 
Analyte Unit 1 Unit 2 Unit 3 Unit 4
Al 1400 1300 860 130
As 1.2 1.3 0.86 0.81
Ba 180 310 200 150
B 1.9 2.5 2.1 2
Ca 290000 290000 270000 250000
Cu 2 2 0.98 0.83
Fe 640 580 420 430
Mg 2100 1900 1700 1400
Mn 3.5 3.1 2.3 2.2
Ni 0.85 0.78 0.69 0.64
K 340 390 360 320
Se 17 19 16 17
Sr 160 160 130 120
Ti 48 39 12 7.2
V 3.4 3.1 1.7 1.5
Zn 2.6 2.4 1.8 1.6
Sum 294900.45 294713.18 273708.43 252583.78




Figure 2.66 A solid gypsum sample from each unit’s absorber was sent for analysis and 
this graph depicts the total number of constituents reported. 







Over the course of the study, at Plant A the amount of moisture in gypsum 
produced by Units 1 and 2 was significantly higher than the gypsum produced by Units 3 
and 4. Also, all four Units at Plant A exhibited a crystal morphology that was flatter and 
wider than the crystals from Plant B. The causes for these differences are discussed 
below. 
Confocal Laser Scanning Microscopy revealed that the limestone used in Plant 
A’s gypsum production lacked any organic matter, and thereby disproving Hypothesis 1a, 
that had suggested that variations in the limestone quality, in the form of organic matter, 
controled the morphology of the gypsum crystals produced within a flue gas 
desulfurization vessel. The limestone was then tested using X-ray Diffraction, which 
indicated a calcite dominated the composition. XRD was also used as a tool to determine 
that the gypsum byproduct was pure gypsum as opposed to a hemihydrate or anhydrite 
end member. Based on these findings, limestone quality at Plant A was not determined to 
play a role in the morphology of the gypsum crystal being produced further disproving 
Hypothesis 1a. 
Petrographic analysis of both Plant A and Plant B indicated a difference in 
morphology of the gypsum crystals produced from slurries collected at each plant. Plant 
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A slurry produced a flat wide crystal whereas Plant B formed an elongated beam or rod-
like crystal. Plant B morphology has a length to width ratio of 4:1, whereas, the crystals 
from Plant A produces a length to width ratio of 2:1. Scanning Electron Microscopy also 
captured the dissimilar shaped crystals from each Plant, indicating a difference in 
chemistry of the absorbers. Further studies into the FGD system chemistry identified the 
possibility that the rate of growth might play a significant role in the occurrence of the 
resulting crystals. Although growth rates were not directly measured, major variables 
influencing growth rates were quantified. These variables include the calcium to sulfate 
ratio, amount and size of residual CaCO3 in the absorber, and the amount of impurities in 
the absorber and are discussed below. 
Comparing Plant A with Plant B, both plants receive the same limestone and very 
similar make-up water; however, the difference is the coal type. Plant A receives a low-
sulfur coal while Plant B burns a high-sulfur coal. Based upon the amount of impurities 
alone, Plant B would be expected to produce lower quality gypsum. However, the major 
difference between Plant A and B is the dissolved Ca:SO4 ratio within the absorber 
slurry. Plant A has a low ratio and Plant B has a high ratio. At high SO42--concentrations, 
needle-like crystals have been observed to form stars from a central nucleolus, whereas at 
low SO42--concentrations flat, thin plates have been observed (Gilbert, 1966). This 
finding is reflected in each Plant’s resulting morphology. Also, Plant A’s growth rate 
may be significantly faster than Plant B, making the gypsum crystals more prone to being 
thinner shaped (Bunn, 1961). 
Residual CaCO₃ provides a growth surface for gypsum, Figure 2.43, which grows 
more slowly and is therefore a final product of higher quality and greater worth. It was 
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found that, during the ‘clean’ tank experiment, high impurity (in the form of CaCO3) 
resulted in low moisture crystals (Figure 2.50). This trend is evident in the normal 
operation of Units 3 and 4, which had in the past routinely produced a lower moisture 
crystal than Units 1 and 2. Although residual CaCO3 was not directly measured in Units 3 
and 4, the pH of these units was continually higher, suggesting more CaCO3 in Units 3 
and 4 than Units 1 and 2. Figures 2.62 and 2.63 provide confirmation that during the 
clean tank experiment, Units 1 and 2 mimicked the normal operating conditions of Units 
3 and 4 until contamination took place in Units 1 and 2. Hypothesis 3 states that 
impurities within the absorber interfere with crystal growth and may be amplified under 
conditions where Ca:SO4 ratios are low and residual calcium carbonate is low. Based on 
the results of this study, Hypothesis 3 is confirmed. 
Evidence was found that limestone grain size effects gypsum moisture content. 
Smaller limestone grains yield high moisture crystals with presumably fast growth rates, 
whereas, larger limestone grains act as a host for heterogeneous nucleation and allow the 
crystal to have a slow growth and result in a low moisture crystal, Figures 2.3 and 2.4. 
Based on these findings, Hypothesis 1b, which states that limestone grain size plays a 
significant role in the percent moisture of the resulting gypsum and morphology, is 
proven confirmed. 
Foreign species, impurities, incorporated on the few available binding sites of the 
topography of the crystal surface may have an effect on growth rate and the resulting 
crystal morphology (Davey, 2000). Both the gypsum and limestone slurries for each unit 
are stored in open tanks at Plant A. The proximity to the coal stack was thought to play a 
role in the percent moisture difference by adding airborne impurities into the system 
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entering through the limestone tank, air intake valve, and gypsum transfer tank of Unit 1 
and 2. Evidence for this statement can be seen in Figure 3.1 which compares the air 
quality at Units 1 and 4 to the total number of constituents found in the solid gypsum 
phase for each unit. 
 
Figure 3.1 Compared in this figure is the solid phase constituents verses the air quality 
results for 9/20/12. 
Note: Unit 1 has more contaminants than Unit 4 in the solid phase as well as in the 
atmosphere. 
The argument can be made that the coal pile is contributing to the inefficiency of 
Units 1 and 2 absorbers confirming Hypothesis 2 of this study. Another potential source 
of impurities is coal fly ash. Discussions with plant personnel indicate that Electrostatic 
Precipitator performance for Units 1 and 2 are less efficient than Units 3 and 4, 







Impurities in the absorber including fly ash, airborne coal dust, and amount and 
size of residual CaCO3, interfere with gypsum crystal growth. Low Ca:SO4 ratios have 
also been found to interfere with gypsum crystal growth. At Plant A, Units 1 and 2 are 
more susceptible to airborne impurities than Units 3 and 4 due to their proximity to the 
coal pile located on site that is continuously stirring up dust by unloading train cars. Units 
1 and 2 show evidence that the higher moisture in the final gypsum crystal product is due 
to the flat, disc-shaped morphology of the crystal which is caused by the incorporation of 
impurities in the solid phase. A clean system provides a reduction in impurities and inert 
material resulting in gypsum crystals with a larger, rounded morphology, which results in 
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